Background {#Sec1}
==========

The enzyme ADAMTS13 (A disintegrin and metalloprotease with a thrombospondin type 1 motif 13) specifically cleaves the peptide bond Tyr1605-Met1606 in A2 domain of Von Willebrand factor (VWF) to mediate its size, downregulating the prothrombotic activity of VWF\[[@CR1]--[@CR3]\]. Deficiency of ADAMTS13 activity, caused by either mutations in the ADAMTS13 gene or by inhibitory autoantibodies against ADAMTS13, results in the accumulation of ultra-large VWF (ULVWF) in plasma, leading to excessive platelet aggregation and disseminated VWF/platelet-rich thrombus formation, which is the characteristic feature of thrombotic thrombocytopenic purpura (TTP)\[[@CR1], [@CR4]--[@CR7]\]. Mild to moderate deficiency of ADAMTS13 activity or increased ratios of VWF to ADAMTS13 have been shown to be risk factors for the development of systemic inflammation, myocardial or cerebral infarction, preeclampsia or eclampsia, and cerebral malaria\[[@CR8]--[@CR11]\].

ADAMTS13 is synthesized and released from hepatic stellate cells, endothelial cells, megakaryocytes and platelets\[[@CR1], [@CR12]\]. A mature ADAMTS13 is composed of a metalloprotease domain (M), a disintegrin domain (D), a thrombospondin type-1 motif (TSP-1, T), a cysteine-rich domain (C), a spacer (S), seven additional TSP-1 motifs, and two CUB (complement components C1r/C1s, epidermal growth factor-related sea urchin protein, and bone morphogenetic protein-1) domains\[[@CR2]\]. The two CUB domains are unique for ADAMTS13\[[@CR2]\]. Recently, ADAMTS13 was shown to adopt a "closed" conformation through the binding between its spacer and CUB domains\[[@CR13], [@CR14]\]. Binding of the VWF C-teriminal D4-CK or antibodies to CUB domains disrupts the spacer-CUB interaction, resulting in an "open" conformation, leading to \~ 2.5-fold increase in ADAMTS13 activity\[[@CR13]--[@CR15]\]. Five amino acids (R568, F592, R660, Y661, Y665) in spacer domain were reported to be responsible for the spacer-CUB interaction. The gain-of-function (GOF) ADAMTS13 variant, in which the five amino acids are mutated, does not bind to the fragment of CUB domains in solution\[[@CR13]\]. Three linkers in ADAMTS13 distal domains increase the protein flexibility and facilitate the interaction between spacer and CUB domains\[[@CR16]\]. However, the "open" ADAMTS13 is capable of proteolysing the Aα chain of fibrinogen, suggesting conformational activation of ADAMTS13 might induce proteolytic promiscuity\[[@CR17]\].

In addition to conformational activation, pH was reported to change the activity of ADAMTS13 as well. ADAMTS13 is most active at pH 6, with markedly reduced at physiological pH\[[@CR14], [@CR18]--[@CR20]\]. This phenomenon has been attributed to ionization of a Zn^2+^-bound water molecule in the active site\[[@CR14], [@CR20]\]. However, the observation that the proximal variant of ADAMTS13 (MDTCS) has comparable activity in the various pH ranging from 6 to 7.4, suggests that titration of the active site or the substrate is not the reason for the pH dependency of ADAMTS13 activity\[[@CR14]\]. The authors proposed that the protonation of specific residues at pH 6 alters critical interactions between distal and proximal ADAMTS13 domains leading to an "open" conformation; this, in turn, increases the ADAMTS13 activity\[[@CR14]\].

It is well established that ADAMTD13 is able to form a "closed" conformation and an "open" one upon activation. However, without activation, "open" form of ADAMTS13 was detected in solution as well\[[@CR21]\]. It is not clear whether the conformation of ADAMTS13 is stable or dynamic in circulation. To address this question, wild-type ADAMTS13 (WT-ADAMTS13) and GOF-ADAMTS13 molecules were imaged by atomic force microscopy (AFM) at pH 6 or pH 7.5. We found that WT-ADAMTS13 molecules adopted two states, while GOF-ADAMTS13 molecules adopted three states at both pH conditions. Lower pH induced ADAMTS13 molecules to shift from condensed to elongated conformation.

Methods {#Sec2}
=======

Reagents {#Sec3}
--------

Recombinant WT-ADAMTS13 plasmid with a C-terminal 6\*His-tag in pSecTag2A vector containing XhoI and HindIII restriction sites was a generous gift from Jing-Fei Dong (BloodWorks Northwest Research Institute, Seattle, WA USA). Recombinant GOF-ADAMTS13 plasmid with five mutations (R568K/F592Y/R660K/Y661F/Y665F), was constructed by site-directed mutagenesis with QuikChange II XL Site-Directed Mutagenesis kit (Agilent, California, USA) according to the manufacturer's instructions with the WT-ADAMTS13 plasmid as a template. Restriction enzymes XhoI and HindIII-HF were purchased from NEB (Ipswich, MA, USA). HEK293T cells were purchased from Life Technologies (Grand Island, NY, USA). Recombinant Human VWF-A2 and commercial ADAMTS13 protein were purchased from R & D Systems (Minneapolis, MN, USA). The plasmid of VWF-A1 was a generous gift from Miguel A. Cruze (Baylor College of Medicine, Houston, TX, USA). Cell culture media Dulbecco's Modified Eagle Medium (DMEM), improved Minimal Essential Medium (Opti-MEM) and fetal bovine serum (FBS) were purchased from GIBCO™ (Grand Island, NY, USA). Lipofectamine 3000 was purchased from Invitrogen™ (Waltham, MA, USA). Rabbit anti-His monoclonal antibody and goat anti-rabbit IgG monoclonal antibody were purchased from Abcam (Massachusetts, US). Bovine serum albumin (BSA), SuperSignal® West Pico luminescent substrate, bicinchoninic acid (BCA) Protein Assay Kit were purchased from Thermo Scientific™ (Waltham, MA, USA).

Expression and purification of recombinant WT- and GOF-ADAMTS13 {#Sec4}
---------------------------------------------------------------

WT- and GOF-ADAMTS13 were expressed in HEK293T cells with lipofectamine 3000. Plasmid and liposome volume ratio was 1:1.5. HEK293T cell complete medium was DMEM medium with 10% FBS. The transfected cells was incubated for 2 days in 5% CO~2~ at 37°C, then screened with 1% hygromycin B (Solarbio Science & Technology, Beijing, CN). Stably transfected cell lines were obtained after about 20 days, and expanded to collect 500 ml of culture medium for purification. The proteins of interest were eluted with different concentrations of imidazole using an AKTA protein purification system (GE Healthcare) in conjunction with a Ni^2+^-Hi-Trap-chelating column (GE Healthcare). Gel filtration chromatography was performed to further purify the proteins with the Superdex™ 200 Increase 5/150 GL column (GE Healthcare). Purified proteins were verified by 7.5% SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) and Western blot. Protein concentration was measured with BCA kit according to the manufacturer's instructions.

AFM imaging experiments {#Sec5}
-----------------------

Proteins were scanned with the CSPM5500 AFM system (BenYuan, Guangzhou, CN). To prepare the samples, all solutions were filtered with a 0.22 μm Milli-Q filter (Millipore, Billerica, MA). Protein of interest (WT-ADAMTS13 or GOF-ADAMTS13) was diluted with AFM buffer (25 mM NaOAc, 25 mM HEPES, pH = 7.5 / 6.0) to the final concentration of 30 nM. 30 μl of protein solution was deposited onto a cleaned mica as previously described\[[@CR22], [@CR23]\] for 5 min, rinsed with distilled water three times, and dried with nitrogen gas. Samples were scanned with tapping mode by using the PPP-FMR-20 AFM probe (NANOSENSER™, resonance frequency of 45--115 Hz, spring constant of 0.5--9.5 N/m). The scanning range was 1 μm × 1 μm, with the resolution of 512 line × 512 line, and scanning frequency of 1.5 Hz.

AFM adhesion experiments {#Sec6}
------------------------

To carry out the adhesion experiments, the CSPM5500 system was modified in our laboratory. Briefly, the built-in feedback control loop was shut down and an external feedback control loop was added which was achieved by Labview (NI, USA) programing to control the piezoelectric translator and collect data through a data acquisition card (SCB-68A, NI, USA). The procedure of AFM tip functionalization was the same as previously described\[[@CR3]\]. Each AFM tip (Bruker MLCT) was soaked in 15 μl of VWF-A2 (13 μg/mL) or phosphate buffered saline (PBS, GIBCO) containing 2% BSA at 4 °C overnight, followed by being soaked in PBS containing 2% BSA to block nonspecific binding for 30 min on the second day. Polystyrene dishes were cleaned with absolute ethanol and dried with nitrogen gas before protein adsorption. Surfaces were incubated with 15 ul per spot of WT-ADAMTS13 or GOF-ADAMTS13 (15 μg/ml) at 4 °C overnight and washed 3 times with PBS, then 2.5 ml of PBS containing 2% BSA was added to the dish and incubated for 30 min at room temperature to reduce nonspecific adhesion. The spring constant of each tip was calibrated by thermal fluctuation method\[[@CR24]\]. The spring constant of the tips ranges from 15 to 30 pN/m which is in the reasonable range according to manufacturer's instruction. During each measurement cycle, the functionalized (VWF-A2) or non-functionalized (2% BSA, bared) tip was brought to contact a spot (protein of interested coated or 2% BSA coated) for 0.5 s followed by being retracted to the initial position. An event that the voltage signal significantly increased during retraction was considered as an adhesive event. 100 cycles were repeated at each spot and the adhesion frequency was calculated. More than 3 different spots were detected for each sample which was considered as valid when the adhesion frequency of nonspecific interaction was less than 5%, the same criterion as previously described\[[@CR3]\].

Data analysis {#Sec7}
-------------

All AFM images were processed with Imager4.7.23 or Gwyddion2.43 software to derive parameters (volume, projected area, maximum length and aspect ratio) for each molecule. To exclude the aggregated molecules, only those molecules whose volume was in 95% confidence interval of the first peak (μ ± 1.96σ, Additional file [1](#MOESM1){ref-type="media"} Figure. S1) were selected for further analysis.

For statistics, Student's t-test was performed to test the difference in adhesion frequency and One-way ANOVA test was performed to test the difference in volume, projected area, maximum length and aspect ratio. Data were presented as mean ± SD. The *p*-values below 0.01 were deemed statistically significant and denoted by \*. \*\* denotes *p* \< 0.001.

Results {#Sec8}
=======

Proteins were successfully imaged by AFM scanning {#Sec9}
-------------------------------------------------

Recombinant WT-ADAMTS13 plasmid served as a template to generate the plasmid of GOF-ADAMTS13 with five mutations (R568K/F592Y/R660K/Y661F/Y665F, Methods). The plasmid of GOF-ADAMTS13 was sequenced and compared to the full-length human ADAMTS13 gene sequence in the NCBI database (Gen Bank Accession No. NM_139025.4), confirming that the five mutations were successfully induced and no other mutations were induced (Data not shown). To verify the plasmids of WT-ADAMTS13 and GOF-ADAMTS13, restriction enzymes XhoI and HindIII were used to digest the plasmids and analyzed by agarose gel electrophoresis (Methods). Two bands at 5700 bp and 4280 bp were observed for each type of plasmid, corresponding to the vector and WT- or GOF-ADAMTS13 fragment respectively as expected (Fig. [1a](#Fig1){ref-type="fig"}). WT- and GOF-ADAMTS13 were expressed in HEK293T cell, purified with Ni^2+^-Hi-Trap-chelating column and further purified with gel filtration chromatography (Methods). SDS-PAGE analysis clearly showed a band between 130 kDa and 250 kDa for WT-ADAMTS13 or GOF-ADAMTS13, consistent with the apparent molecular weight of ADAMTS13 which is \~ 190 kDa\[[@CR25]\] (Fig. [1b](#Fig1){ref-type="fig"}). Western blotting analysis by using the anti-His antibody targeting His-tag in the C-termini of WT- or GOF-ADAMTS13 further confirmed that the proteins of interest were successfully expressed and purified (Fig. [1b](#Fig1){ref-type="fig"}). The purity of WT-ADAMTS13 or GOF-ADAMTS13 was higher than 90%, determined by Coomassie Blue staining.Fig. 1AFM system successfully imaged proteins**.** (**a**) WT- and GOF-ADAMTS13 plasmids were double digested by restriction enzymes HindIII and XhoI, and verified in agarose gel electrophoresis. (**b**) Purified WT- and GOF-ADAMTS13 were analyzed by SDS-PAGE under reducing conditions on a 7.5% gel and Western blotting with anti-His antibody. (**c**) AFM images of VWF-A1 (30 kDa), BSA (67 kDa), anti-His tag antibody (150 kDa) and commercial ADAMTS13 (190 kDa). The horizontal scale bar is 200 nm. The vertical scale bar indicates the height. (**d**) The plot of volumes of these four proteins versus their molecular weights. The data was well fitted into a straight line. The goodness of fit is indicated by R^2^. According to the linear relationship y = 5.31817\*x + 256.175, the volume of purified WT-ADAMTS13 (red square) corresponds to the molecular weight of 213 kDa. Data were presented as mean ± SD.

To verify the AFM system in protein imaging, four different sizes of proteins, VWF-A1 (30 kDa), BSA (67 kDa), anti His-tag antibody (150 kDa) and commercial WT-ADAMTS13 (190 kDa) were imaged (Fig. [1c](#Fig1){ref-type="fig"}). The average volume of VWF-A1, BSA, His-tag antibody and commercial WT-ADAMTS13 were 402.8 ± 236.0 nm^3^ (*n* = 110), 680.5 ± 391.1 nm^3^ (*n* = 125), 990.0 ± 381.2 nm^3^ (*n* = 122) and 1352.5± 615.2 nm^3^ (*n* = 229), respectively. The plot of average volume of these four molecules versus molecular weight was well fit into a straight line (Fig. [1d](#Fig1){ref-type="fig"}), indicating that the measured volume are well correlated to molecular weight of a protein, and that AFM system is capable of imaging protein successfully\[[@CR26], [@CR27]\].

Purified ADAMTS13 were correctly folded and functional {#Sec10}
------------------------------------------------------

To confirm that the purified ADAMTS13 molecules folded correctly, purified WT-ADAMTS13 was compared with commercial WT-ADAMTS13 (Fig. [2a](#Fig2){ref-type="fig"}). The volume of purified WT-ADAMTS13 was 1390.3 ± 509.7 nm^3^, corresponding to the molecular weight of 213 kDa (Fig. [1d](#Fig1){ref-type="fig"}, red square), based on the linear relationship between volume and molecular weight. Although the estimated molecular was slightly higher than the one previously reported\[[@CR25]\], no significant difference was observed between purified and commercial WT-ADAMTS13 in both volume (1390.3 ± 509.7 nm^3^ vs 1352.5± 615.2 nm^3^ on average, Fig. [2b](#Fig2){ref-type="fig"}) and aspect ratio (1.59 ± 0.32 vs 1.60 ± 0.34 on average, Fig. [2c](#Fig2){ref-type="fig"}), indicating the purified ADAMTS13 molecules folded correctly.Fig. 2Purified ADAMTS13 were correctly folded and functional. (**a**) AFM images of purified WT-ADAMTS13 (left) and commercial WT-ADAMTS13 (right). The horizontal scale bar is 200 nm. The vertical scale bar indicates the height. The volume (**b**) and aspect ratio (**c**) of purified WT-ADAMTS13 (*n* = 229) and commercial WT-ADAMTS13 (*n* = 369) at pH 7.5. (**d**) WT- and GOF-ADAMTS13 specifically bound to VWF-A2. The experiments of bared or functionalized AFM tips contacting to BSA coated surfaces served as controls (Hollow bars). The left two black bars were the adhesion frequencies of bared tips contacting to the WT- or GOF-ADAMTS13 coated surfaces. The right two black bars were the adhesion frequencies of VWF-A2 functionalized AFM tips contacting to the WT- or GOF-ADAMTS13 coated surfaces. Data were presented as mean ± SD.

To verify the biological functions of recombinant WT- and GOF-ADAMTS13, the binding frequencies of WT- and GOF-ADAMTS13 to VWF-A2 were measured by AFM. The adhesion frequencies of bare tips or VWF-A2 functionalized tips contacting to BSA coated spots (Fig. [2d](#Fig2){ref-type="fig"} hollow bars, *n* = 15 for each condition) and the ones of bare tips contacting to WT- or GOF-ADAMTS13 coated spots (Fig. [2d](#Fig2){ref-type="fig"}, the 1st and 2nd black bars, *n* = 25 for each condition) were \~ 4%, indicating that 2% BSA effectively blocked the nonspecific adhesion between the tips and the dish surfaces. In contrast, the specific binding frequencies of VWF-A2 functionalized tips to ADAMTS13 coated spots were 11.37 ± 4.71% (*n* = 27) for WT and 14.70 ± 5.27% (*n* = 30) for GOF (Fig. [2d](#Fig2){ref-type="fig"}, the 3rd and 4th black bars), respectively, significantly higher than nonspecific ones.

Together, the data demonstrated that ADAMTS13 molecules were successfully purified, correctly folded and biologically functional.

ADAMTS13 molecules adopted multiple conformational states {#Sec11}
---------------------------------------------------------

Previous studies reported that two CUB domains of WT-ADAMTS13 bind to the spacer domain to form a "closed" conformation, while the disruption of the CUB-spacer interaction results in \~ 2.5-fold increase in proteolytic activity\[[@CR13]--[@CR16]\]. However, it is still not clear whether the conformations of WT- and GOF-ADAMTS13 are dynamic or stable in solution. To address this question, purified WT- and GOF-ADAMTS13 molecules pre-treated at pH 7.5 were deposited on clean mica surfaces and imaged with AFM (Fig. [3a](#Fig3){ref-type="fig"} and [b](#Fig3){ref-type="fig"}). The volume (Fig. [3c](#Fig3){ref-type="fig"}), projected area (Fig. [3d](#Fig3){ref-type="fig"}), maximum length (Fig. [3e](#Fig3){ref-type="fig"}) and aspect ratio (Fig. [3f](#Fig3){ref-type="fig"}) of WT- and GOF-ADAMTS13 molecules were analyzed. The volumes of WT- and GOF-ADAMTS13 (1390.3 ± 509.7 nm^3^ vs 1357.8 ± 627.1 nm^3^ on average) were not significantly different as expected (Fig. [3c](#Fig3){ref-type="fig"}). In addition, no significant difference on projected area was observed between WT- and GOF-ADAMTS13 neither (835.6 ± 264.7 nm^2^ vs 801.9 ± 355.9 nm^2^ on average, Fig. [3d](#Fig3){ref-type="fig"}). The average maximum length of GOF-ADAMTS13 was 47.6 ± 13.7 nm, significantly longer than the one of WT-ADAMTS13 (43.4 ± 8.7 nm, Fig. [3e](#Fig3){ref-type="fig"}). The difference of aspect ratio between WT- and GOF-ADAMTS13 was significant as well (1.59 ± 0.32 vs 2.01 ± 0.56 on average, Fig. [3f](#Fig3){ref-type="fig"}).Fig. 3WT- and GOF-ADAMTS13 adopted multiple conformational states. AFM images of purified WT-ADAMTS13 (**a**) and GOF-ADAMTS13 (**b**) at pH 7.5. The horizontal scale bar is 200 nm. The vertical scale bar indicates the height. Volume (**c**), projected area (**d**) maximum length (**e**) and aspect ratio distribution (**f**) analysis of WT-ADAMTS13 (n = 369) and GOF-ADAMTS13 (*n* = 289) at pH 7.5. (**g**) The histogram of aspect ratio of WT-ADAMTS13 and GOF-ADAMTS13. The histogram of WT-ADAMTS13 was well fitted with two Gaussian distributions. The histogram of GOF-ADAMTS13 was well fitted with three Gaussian distributions.

To further analyze the conformational states of ADAMTS13, the distributions of aspect ratio of WT- and GOF-ADAMTS13 molecules were plotted (Fig. [3g](#Fig3){ref-type="fig"}). Comparing to the distribution of WT-ADAMTS13 which ranged from 1 to 3.2, the one of GOF-ADAMTS13 was broader, from 1 to 4.8, indicating more molecules adopted "open" conformation in GOF-ADAMTS13 group, consistent with previous reports\[[@CR13], [@CR14]\]. Interestingly, the aspect ratio of WT-ADAMTS13 exhibited two Gaussian distributions, but not a single one, indicating WT-ADAMTS13 adopts two distinct conformational states (state I and state II, Fig. [3g](#Fig3){ref-type="fig"}). The center of the state I was 1.36 ± 0.02 with the percentage of 45.81% (Fig. [3g](#Fig3){ref-type="fig"}), while the center of the state II was 1.73 ± 0.12 with the percentage of 54.19% (Fig. [3](#Fig3){ref-type="fig"} g). In contrast, an additional conformational state (state III, center at 2.68 ± 0.03) was observed in the aspect ratio distribution of GOF-ADAMTS13 (Fig. [3g](#Fig3){ref-type="fig"}). Comparing to the ones of WT-ADAMTS13, the percentage of state I of GOF-ADAMTS13 reduced 34.03% (from 45.81 to 11.78%, Table [1](#Tab1){ref-type="table"}), while the one of state II increased 21.17% (from 54.19 to 75.36%, Table [1](#Tab1){ref-type="table"}). The percentage of state III was 12.86% (Table [1](#Tab1){ref-type="table"}). In addition, comparing to the ones of WT-ADAMTS13, the distribution of state I of GOF-ADAMTS13 became narrower, while the distribution of state II became broader. These data suggested that both WT-ADAMTS13 and GOF-ADAMTS13 adopted multiple conformational states. We hypothesize that state I represented the "closed" conformation, state III represented the "open" conformation, while the state II represented an intermediate conformation. Five mutations in spacer domain transit more molecules from "closed" conformation to intermediate or "open" conformation.Table 1The percentages of conformational states of WT- and GOF-ADAMTS13 at pH 7.5.state Istate IIstate IIIWT-ADAMTS1345.81%54.19%N/AGOF-ADAMTS1311.78%75.36%12.86%

**Lower pH induced ADAMTS13 molecules to extended further.**

In addition to five mutations in spacer domain, pH was reported to alter the proteolytic activity of ADAMTS13 as well\[[@CR13], [@CR19]\]. However, it is not clear whether pH changes the conformation of ADAMTS13. To address this question, WT- and GOF-ADAMTS13 molecules were pre-treated at pH 6, and imaged subsequently (Fig. [4](#Fig4){ref-type="fig"} [a](#Fig4){ref-type="fig"} and [b](#Fig4){ref-type="fig"}). Like so, at pH 7.5, the volume of WT- (1370.2 ± 631.8 nm^3^) and GOF-ADAMTS13 (1332.5 ± 597.3 nm^3^) exhibited no significant difference at pH 6 condition (Fig. [4c](#Fig4){ref-type="fig"}). In addition, when these volume data were compared to the ones obtained at pH 7.5, no significant difference was observed (Additional file [1](#MOESM1){ref-type="media"} Table S1). The projected area exhibited no significant difference between WT- and GOF-ADAMTS13 neither (762.8 ± 352.3 nm^2^ vs 717.1 ± 307.5 nm^2^, Fig. [4d](#Fig4){ref-type="fig"} and Table S2) at pH 6. However, the projected area at pH 6 was remarkably smaller than the one at pH 7.5 for GOF-ADAMTS13 (717.1 ± 307.5 nm^2^ vs 801.9 ± 355.9 nm^2^ Additional file [1](#MOESM1){ref-type="media"} Table S2), but no for WT-ADAMTS13 (762.8 ± 352.3 nm^2^ vs 835.6 ± 264.7 nm^2^, Additional file [1](#MOESM1){ref-type="media"} Table S2). The maximum length of WT-ADAMTS13 at pH 6 was 46.6 ± 14.1 nm, indistinguishable with the one (47.3 ± 14.8 nm) of GOF-ADAMTS13 (Fig. [4e](#Fig4){ref-type="fig"}), but significantly longer than the one of WT-ADAMTS13 at pH 7.5 (Additional file [1](#MOESM1){ref-type="media"} Table S3), indicating lower pH extended WT-ADAMTS13 molecules. The aspect ratio of GOF-ADAMTS13 remarkably increased comparing to the one of WT-ADAMTS13 (Fig. [4f](#Fig4){ref-type="fig"}). Interestingly, the aspect ratio of both WT- and GOF-ADAMTS13 increased significantly at pH 6 comparing to the counterparts at pH 7.5 (Additional file [1](#MOESM1){ref-type="media"} Table S4), indicating ADAMTS13 molecules became longer and thinner at pH 6.Fig. 4ADAMTS13 molecules further extended at pH 6. AFM images of purified WT-ADAMTS13 (**a**) and GOF-ADAMTS13 (**b**) at pH 6. The horizontal scale bar is 200 nm. The vertical scale bar indicates the height. Volume (**c**), projected area (**d**) maximum length (**e**) and aspect ratio distribution (**f**) analysis of WT-ADAMTS13 (*n* = 333) and GOF-ADAMTS13 (*n* = 393) at pH 6. (**g**) The histogram of aspect ratio of WT-ADAMTS13 and GOF-ADAMTS13. The histogram of WT-ADAMTS13 was well fitted with two Gaussian distributions. The histogram of GOF-ADAMTS13 was well fitted with three Gaussian distributions.

The distributions of aspect ratio of WT- and GOF-ADAMTS13 at pH 6 were plotted to further analyze the conformational states (Fig. [4g](#Fig4){ref-type="fig"}). WT-ADAMTS13 exhibited a two-state distribution while GOF-ADAMTS13 exhibited a three-state distribution, similar to the observations at pH 7.5 (Fig. [3g](#Fig3){ref-type="fig"} ). Comparing to WT-ADAMTS13, the percentage of state I of GOF-ADAMTS13 reduced 30.11% (from 38.95 to 8.84%, Table [2](#Tab2){ref-type="table"}), and the percentage of state II reduced 20.12% (from 61.05 to 40.93%, Table [2](#Tab2){ref-type="table"}), contrast to the observation at pH 7.5 (Fig. [3g](#Fig3){ref-type="fig"}). When the ratio of states of WT-ADAMTS13 at different pH were compared, the percentage of state I decreased and the one of state II increased at pH 6 (Fig. [3g](#Fig3){ref-type="fig"} and [4g](#Fig4){ref-type="fig"}, Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}). Notably, the percentage of GOF-ADAMTS13 molecules in state III remarkably increased at pH 6 (from 12.86 to 50.23%, Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}), concomitant with the reduction of the percentages of both state I and states II (from 11.78 to 8.84% and from 75.36 to 40.93% respectively, Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}).Table 2The percentages of conformational states of WT- and GOF-ADAMTS13 at pH 6.state Istate IIstate IIIWT-ADAMTS1338.95%61.05%N/AGOF-ADAMTS138.84%40.93%50.23%

Together, these data indicated that lower pH induced the extension of ADAMTS13 molecules.

Discussion {#Sec12}
==========

ADAMTS13 cleaves the cryptic peptide bond Tyr1605-Met1606 in VWF-A2 domain converting the prothrombotic ULVWF to smaller and less adhesive multimers, preventing aberrant platelet aggregation and thrombus\[[@CR28], [@CR29]\]. Deficiency of ADAMTS13 activity resulting from hereditary or acquired etiologies results in TTP\[[@CR5], [@CR29]\]. It has been shown that ADAMTS13 adopts a "closed" conformation through the interaction between the spacer and CUB domains\[[@CR13], [@CR14]\]. The engagement of VWF D4-CK or antibodies to CUB domains disrupts the spacer-CUB interaction resulting in opening ADAMTS13, and thus increasing the proteolytic activity of ADAMTS13\[[@CR13]--[@CR15]\]. However, conformationally active ADAMTS13 is capable of proteolysing the Aα chain of fibrinogen\[[@CR17]\]. South et al. proposed that conformational quiescence of ADAMTS13 prevents proteolytic promiscuity\[[@CR17]\]. In addition, a recombinant ADAMTS13 drug (BAX 930) was developed and used in clinical trial (phase I) to treat the congenital form of TTP\[[@CR30], [@CR31]\]. Therefore, insights into the conformation of ADAMTS13 advance the understanding of the mechanisms underlying the cleavage of VWF by ADAMTS13, and facilitate recombinant ADAMTS13 drug design.

To investigate the conformation of ADAMTS13, recombinant WT- and GOF-ADAMTS13 were purified from HEK293T cell line, and imaged with AFM which is widely used in imaging biological samples in air\[[@CR32]--[@CR34]\] or liquid\[[@CR35], [@CR36]\] and manipulating biological samples\[[@CR3], [@CR37], [@CR38]\]. The molecular weights of both WT- and GOF-ADAMTS13 were detected between 130 kDa and 250 kDa (Fig. [1b](#Fig1){ref-type="fig"}), consistent with the previous studies indicating that the apparent molecular weight of ADAMTS13 is approximately 190 kDa\[[@CR25], [@CR39]\]. By imaging four different proteins whose molecular weights range from 30 kDa to 190 kDa (Fig. [1c](#Fig1){ref-type="fig"}), the AFM system was proven to be reliable, supported by the evidence that the volume versus molecular weight plot was well fitted into a straight line (Fig. [1d](#Fig1){ref-type="fig"}). Volume analysis is a robust and reliable method which has been used to obtain the stoichiometries of protein-protein assemblies and association constants\[[@CR26], [@CR27]\]. No significant difference was observed in both the volume and aspect ratio between purified WT-ADAMTS13 and commercial ADAMTS13 (Fig. [2b](#Fig2){ref-type="fig"} and [c](#Fig2){ref-type="fig"}), indicating that the purified ADAMTS13 folds correctly. In addition, the adhesion frequencies of WT- and GOF-ADAMTS13 binding to VWF-A2 domain were significantly higher than the ones of controls (Fig. [2d](#Fig2){ref-type="fig"}). The adhesion frequency of GOF-ADAMTS13 binding to VWF-A2 domain was slightly higher than the one of WT-ADAMTS13 binding to VWF-A2 domain (Fig. [2d](#Fig2){ref-type="fig"}), which is consistent with the higher activity of GOF-ADAMTS13 than WT-ADAMTS13\[[@CR13], [@CR39]\]. Together, these data demonstrated that the AFM system is reliable to image purified ADAMTS13 molecules which fold correctly and are biologically functional.

To investigate the conformation of WT- and GOF-ADAMTS13, we analyzed volume, maximum length, projected area and aspect ratio of these two types of molecules (Fig. [3](#Fig3){ref-type="fig"} and Fig. [4](#Fig4){ref-type="fig"}). No significant difference on the volume was observed between WT- and GOF-ADAMTS13 at different pH as expected (Fig. [3c](#Fig3){ref-type="fig"} and [4c](#Fig4){ref-type="fig"}, Table [1](#Tab1){ref-type="table"}). The average maximum length of WT-ADAMTS13 was 43.4 ± 8.7 nm (Fig. [3d](#Fig3){ref-type="fig"}), which is longer than the one (\~ 23 nm) obtained by EM and small angle X-ray scattering\[[@CR14]\]. The discrepancy might be due to the influence of AFM tip geometry\[[@CR40], [@CR41]\].

Previous findings demonstrated that different conformations of ADAMTS13 with condensed and elongated forms were observed by quick-freeze deep-etch EM\[[@CR14]\]. In addition, Roose et al. reported that the ADAMTS13 in healthy donors did not bind to the anti-ADAMTS13 antibody (1C4), which specifically recognizes the "open" conformation of ADAMTS13. In contrast, ADAMTS13 of acute acquired TTP (aTTP) patients bound to 1C4 in 92% of the cases, indicating the conformation of ADAMTS13 is "open" during an acute TTP episode\[[@CR21]\]. The authors proposed that an "open" conformation of ADAMTS13 is a hallmark of acute aTTP. In addition, they observed that ADAMTS13 of acute aTTP patients bound to 1C4 with various efficiency and suspected that different types of open conformations of ADAMTS13 exist during acute aTTP. Indeed, the aspect ratio distributions of WT- and GOF-ADAMTS13 molecules demonstrated that WT-ADAMTS13 molecules exhibited two distinct conformational states (state I and state II), while GOF-ADAMTS13 molecules exhibited three distinct conformational states (state I, sate II and state III) at both pH 7.5 and pH 6 conditions (Fig. [3g](#Fig3){ref-type="fig"} and Fig. [4g](#Fig4){ref-type="fig"}). State III is ought to be the "open" conformation, as this state lacks in WT-ADAMTS13 \[[@CR13], [@CR14]\]. The state I with the lowest aspect ratio value is ought to be the "closed" conformation. We propose that state II is an intermediate state. Three linker regions in the distal domains of ADAMTS13 were reported to be responsible for the flexibility of ADAMTS13\[[@CR16]\]. The intermediate state might result from the fluctuation of the flexible distal domains of ADAMTS13. Alternatively, the intermediate state might attribute to the transient or partial opening of the conformation of ADAMTS13.

It was reported that low pH increased the activity of ADAMTS13\[[@CR14], [@CR18], [@CR19]\]. To investigate if low pH induces an "open" ADAMTS13 conformation, WT- and GOF-ADAMTS13 were pre-treated at pH 6 and imaged with AFM (Fig. [4a](#Fig4){ref-type="fig"} and [b](#Fig4){ref-type="fig"}). The average aspect ratio of both WT- and GOF-ADAMTS13 at pH 6 were significantly higher than the counterparts at pH 7.5 (Additional file [1](#MOESM1){ref-type="media"} Table S4), indicating the molecules were further elongated at pH 6. Similar to the observation at pH 7.5, only two distinct states were observed at pH 6 for WT-ADAMTS13 (Fig. [4g](#Fig4){ref-type="fig"}). However, more molecules adopted the intermediate state at pH 6 (61.1% at pH 6 vs 54.2% at pH 7.5, Fig. [4g](#Fig4){ref-type="fig"} and [3g](#Fig4){ref-type="fig"}, and Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}). It was suggested that the interactions between distal and proximal domains of ADAMTS13 were disrupted resulting in the "open" conformation\[[@CR14]\]. However, the percentage of state III at pH 6 dramatically increased for GOF-ADAMTS13 (50.2% at pH 6 vs 12.9% at pH 7.5, Fig. [4g](#Fig4){ref-type="fig"} and [3g](#Fig4){ref-type="fig"}, and Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}). Furthermore, the difference of aspect ratio of GOF-ADAMTS13 at pH 6 and pH 7.5 was significant (Additional file [1](#MOESM1){ref-type="media"} Table S4), indicating the molecules were elongated further, even though they were "open". These data suggested that in addition to inducing tertiary structure changes, lower pH might also disrupt intra-domain interactions, increasing the flexibility of ADAMTS13, forming a longer and thinner structure.

Conclusions {#Sec13}
===========

The conformational states of WT- and GOF-ADAMTS13 at different pH were investigated by AFM imaging in the present study. The data demonstrated that both WT- and GOF-ADAMTS13 exist multiple conformational states. Interestingly, in addition to "closed" and "open" states which reported previously, an intermediate state was observed for both WT- and GOF-ADAMTS13. In addition, the conformations of both WT- and GOF-ADAMTS13 were elongated at pH 6, suggesting lower pH might alter the tertiary structure and/or disrupt the intra-domain interactions, which increases the flexibility of ADAMTS13 molecules.

Additional file
===============

 {#Sec14}

Additional file 1:**Table S1.** One-way ANOVA of volume in different conditions, **Table S2**. One-way ANOVA of projected area in different conditions, **Table S3**. One-way ANOVA of maximum length in different conditions, **Table S4**. One-way ANOVA of aspect ratio in different conditions, **Figure S1**. Histogram of the volume of four different proteins. (DOCX 94 kb)
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